An extensive data base of flow angularity repeatability measurements from four NTF check standard model tests is analyzed for statistical consistency and to characterize the results for prediction of angle-of-attack uncertainty for customer tests. A procedure for quality assurance for flow angularity measurements during customer tests is also presented. The efficacy of the procedure is tested using results from a customer test. 
For the second element, it is necessary to determine the major sources of uncertainty and develop a quality assurance process for each that meets the desired uncertainty goals. A typical corrected wind tunnel AOA measurement includes the following sources of uncertainty:
1) orientation of model reference surface to waterline (fossilized) 2) laboratory (off-line) calibration of the reference-to-gravity AOA instrument (fossilized) 3) in-test-section calibration of the on-board AOA instrument using the reference instrument (fossilized) 4) repeatability of the on-board AOA instrument under test conditions 5) correction for the effect of model dynamics on inertial AOA instruments 6) correction for the test section flow angularity (FA) 7) correction to "free-air conditions" for the effect of the test section boundaries Source 1 is usually dealt with in the geometry quality assurance laboratory. Discussions of uncertainty sources 2 to 5 for the National Transonic Facility (NTF) are presented in Refs. [2] [3] [4] [5] [6] . A discussion of uncertainty source 7 for the NTF is presented in Ref. 7 . This paper presents a statistical analysis and characterization of extensive FA repeatability measurements (uncertainty source 6) obtained in the NTF, together with recommendations for a quality assurance process for FA measurements in customer tests. Such a process would include a) characterization of the measurement process b) evidence that the characterization is not changing with time c) evidence that the characterization adequately predicts the process behavior for a customer test. 8 This paper will not present results for the flow angularity itself which is a function of test conditions and, probably, environmental conditions as well as time. Rather, it presents results for the performance of the flow angularity measurement process.
II. The Flow Angularity Measurement Process
Four check standard model ‡ tests (121, 137, 149, 156) were conducted in the NTF to measure the repeatability § of various measurements, including test section FA. The NTF check standard model is the Pathfinder I (PFI) shown in Fig. 1 . The NTF 113C force balance was used. Descriptions of the NTF, which is a closed-circuit, pressure, air and cryogenic nitrogen, ventilated transonic tunnel, are given in Refs. 11 and 12. The conditions for the repeatability tests were originally chosen to reasonably span the available test conditions in the facility while being limited to testing in the air mode to limit costs. As more was learned about the repeatability behavior, additional conditions were added and others dropped. The conditions for the four tests are given in Table 1 .
To measure FA, back-to-back upright and inverted runs were made in the linear range of the normal-force coefficient ( ) versus angle of attack (AOA) curve. 
and the terms and are the estimated intercept and slope of the fit. A typical example is given in Fig. 2 . ‡ A check standard is defined as a standard artifact that is held constant over time and is used for periodic verification of a measurement process.
9 § For the purposes of this paper, repeatability is defined as "closeness of the agreement between the results of successive measurements of the same measurand carried out under the same conditions of measurement." It is usually expressed as a standard deviation. For tests 121 and 137, a set of five back-to-back runs were obtained for a given condition. This set was then repeated five times throughout the test for each condition. The order of the runs was (1) inverted, (2) upright, (3) upright, (4) upright, (5) inverted. Runs 1 and 2 and runs 4 and 5 gave two FA measurements over a short time constituting what will be called a subgroup. For test 149, groups of three back-to-back runs were made for each condition and repeated five times throughout the test. The order of the runs was (1) upright, (2) inverted, (3) upright. Runs 1 and 2 and runs 2 and 3 were used to obtain the two FA measurements constituting a subgroup. For test 156, groups of four back-to-back runs were made for each condition and repeated five times throughout the test. The order of the runs was (1) upright, (2) inverted, (3) inverted, (4) upright. Runs 1 and 2 and runs 3 and 4 were used to obtain the two FA measurements constituting a subgroup. Hence, for each entry in Table 1 , there were 10 FA measurements divided into five subgroups with two observations each. Each subgroup provides one degree of freedom for estimating the repeatability, for a total of five degrees of freedom in each test for each condition. † †
III. Repeatability Characterization

A. Fitting the Ranges
The mean ranges, i.e. the averages of the ranges for the five subgroups, for each condition in each of the four tests are shown in Fig. 3 as symbols. The 31 mean ranges consist of 155 subgroups for a total of 155 degrees of freedom since each range represents two measurements. Since the FA measurement is determined by a fit to data, it would be expected that the dispersion of the FA measurements would depend directly on
is shown that N C σ for the check standard tests is inversely proportional to q ∞ for q ∞ less than roughly 400 psf and constant for greater than that. Indeed, the behavior of the mean ranges of Fig. 3 seems to be similar. The statistical analysis in the Appendix shows that the FA repeatability behavior would necessarily be similar to that of the normal-force coefficient,
. Hence, the fit should behave as follows:
for and 
B. Analysis of the Ranges for Statistical Consistency
Since the 155 individual ranges have now been fit, it is appropriate to determine if their scatter forms a reasonable frequency distribution. A single distribution for the whole range of test conditions can be obtained by dividing each subgroup range by the corresponding value of to obtain a normalized subgroup range, .
The resulting distribution of normalized subgroup ranges are shown in Fig. 4 15 Their analysis suggests that the heavy tails for what would otherwise be a Normal distribution could be caused by a slight contamination of another Normally-distributed source of variation but with a considerably large population standard deviation. Fortunately, fitting the ranges rather than the variances is a more robust estimation process and the heavy tails do not present a problem for using the repeatability to estimate uncertainty.
Another type of test for statistical consistency ‡ ‡ of a set of ranges is the Analysis of Ranges (ANOR) method described by Wheeler. 16 For ANOR, the subgroup scatter bounds are determined by assuming that the population is Normal and homogeneous and using selected critical values as limits.
§ § The method is fairly robust to outliers and distributional assumptions since it uses ranges rather than variances, as discussed above. The test for statistical consistency, i.e. for homogeneity, is then the number of ranges that fall outside the limits compared to what would be expected by chance (in the long run). For the purposes of this paper, it is convenient to use a lower critical value of zero and an upper critical value corresponding to a cumulative probability of 0.995. This particular approach enables the separation of the scatter for each value of q ∞ . The results are shown in Figs. 6 and 7. Figure 6 shows that no particular value of can be singled out. Similarly, Fig. 7 shows that no particular test can be single out. q ∞ The fit itself is shown as the solid line with value one. The upper critical value is found as follows using the / 
where the population mean of W for samples of size two is 1.128 and it is assumed to be given by fit / R σ and where the upper critical value for a cumulative probability of 0.995 is 3.970. 17 The upper critical value is shown in Figs. 6 and 7 as the dashed line. Since , it is clear that there are far more ranges above the critical value than would be expected by chance for random sampling from a Normal distribution, suggesting the heavy tail. 
where FA is the average of the two FA values in any given subgroup and FA is the grand average of the five subgroup averages at a given test condition in a given test. The new variable takes out the trending of both mean and scatter across tests and the test conditions and allows a comparison of reproducibility across all of the tests and all of the test conditions at once. Again, this is similar to creating a Standard Normal distribution. To account for variation in FA ∆ that would be expected just due to repeatability, upper and lower limits (based on the repeatability) will be ‡ ‡ Statistical consistency is defined to mean that the samples are drawn from a fixed population, albeit virtual. § § Actually, ANOR can be carried out with any distribution, as long as the critical values for the upper tail are known. *** This section follows the approach suggested by Eisenhart. Second, the number of subgroup averages outside the predicted noise limits is roughly 25% of the total which is more than an order of magnitude larger than would be expected for the coverage factor chosen (1%), suggesting that additional sources of variation are introduced over time or that the flow angularity meanders, slightly but measurably, over time.
B. Within-Test Reproducibility
The between-subgroup variation, BĜ σ , is defined to be the additional scatter above that predicted by the repeatability. For the subgroup averages, FA , the expression for BĜ σ is 
If the flow angularity is to be measured only once or a few times in a given test and steps have been taken to avoid the kind of drift seen in test 149, then Eq. (18) suggests that the within-test reproducibility could be estimated as roughly 50% greater than the predicted repeatability. But no statistical consistency test has been applied to the between-subgroup data. Also, since the within-test variation is likely to be much more dependent on procedures chosen for a particular test, the 50% increase should be treated as a rule of thumb only.
V. Repeatability Prediction and Verification
A. Pathfinder I Tests
For future check standard tests in the NTF with the Pathfinder I model and the NTF 113C balance, the expected mean range can be predicted with Eqs. (5, 6) as long as the measurement process remains essentially the same. The upper limit for a statistical control alarm would be given by the critical value of Eq. (8) and it would be expected that future range values for the FA measurement would fall about the predicted centerline with none above this limit. For quality assurance for the FA measurement process, the tunnel staff would obtain FA range measurements periodically throughout a check standard test and check them against the predicted centerline and upper limit values, plotting them against time during the test.
B. Prediction for a Customer Test
For future tests in the NTF with a different model but with the same (or equivalent) NTF balance, the expected mean range must be modified to account for a different reference area, R S , and a different value of N C α . A simple error propagation analysis 19 of Eq. (1) gives
From the derivation in the Appendix it can be seen that
where the proportionality constant depends on the details of the FA measurement process and the amount of across-run variation compared to the point-to-point within-run variation. Substituting Eq. (20) into Eq. (19) gives , customer
The slope, , must come from measurement or analytical prediction.
, customer
N C α
For testing with other NTF balances, the modest evidence of Ref. 13 suggests that the scaling would also involve the full-scale limits and spring constants of the PFI and customer balances. In either case, quality assurance would be manifested by showing that the subgroup ranges measured during the customer test fall roughly around the predicted value of with none above the upper critical limit as discussed above. 
Fourteen FA subgroups were obtained in customer test 148. The ranges obtained were normalized appropriately by either Eq. (26) or Eq. (27) and are shown in Fig. 12 , together with the predicted centerline and the upper limit used earlier (99.5%). The measured values appear to be reasonable with respect to the predictions. The ranges are shown in the order in which they were obtained with 3 obtained for 290 psf q ∞ ≤ and 5 obtained at cryogenic conditions. There seems to be no significant difference between the air (warm) and nitrogen (cold) measurements. The average of the 14 normalized range measurements is 1.02 which is not significantly different from the prediction. Consequently, the predictions should be used for post-test analysis and reporting of measurement uncertainty.
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Conclusions
For the first time, a complete quality assurance process has been demonstrated for wind tunnel FA measurements. Also, for the first time, a single characterization of flow angularity repeatability has been developed and checked for statistical consistency. For the test conditions that are typical for transonic cruise performance testing, Eq. (7) shows that the confidence interval for the repeatability at 2σ ± coverage is about a single measurement, which is well within the required tolerance band of 0.0044 deg ± 0.01 deg ± . Increasing the confidence interval to account for the reproducibility within a test still leaves the interval within the required tolerance band. In addition, for the first time, check standard repeatability results were successfully scaled to a customer test with very different properties. Finally, it should be pointed out that the resources required to obtain the check standard data and to carry out the analysis are quite reasonable from both the facility and the customer viewpoints. American Institute of Aeronautics and Astronautics
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